This work aims to develop cost-effective, simple and sensitive electrochemical biosensor for detection of microRNA-21. The combination of carbon black (CB) and gold nanoparticles (AuNPs) as nanohybrid was employed for the first time as a platform for microRNA-21 biosensor fabrication. The developed biosensor is based on the immobilization of thiolated capture probe (complementary sequence of microRNA-21) labeled with methylene blue on the surface of the pencil graphite electrode modified with CB/AuNPs nanohybrid. After hybridization with the target microRNA-21, the orientation of the labeled capture probe changed which causes a decrease of the response of methylene blue oxidation. Differential pulse voltammetry was used for monitoring the methylene blue response before and after hybridization. Under the optimal conditions, the developed biosensor was characterized using differential pulse voltammetry (DPV), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The detection of microRNA-21 was carried out using a DPV. A wide linear range was obtained between 2.9 fM and 0.7 µM of microRNA-21. The calculated limit of detection was 1 fM of microRNA-21. This approach shows a good reproducibility, stability and an excellent selectivity. The proposed biosensor was used for microRNA-21 analysis in serum and a satisfactory result was obtained.
Introduction
Cancer biomarkers play an important role in the clinical management of cancer patients. Indeed, they allow to develop consistent, cost-effective, powerful methods of analysis and detection of cancer at an early stage.
Among the cancer biomarkers, microRNAs are considered an adequate target for the earlier cancer detection [1] . MicroRNAs, a large class of small non-coding RNA, present in body fluids [2] . They show a significant role in embryonic development, proliferation and apoptosis [3] . MicroRNAs are characteristically stable, show good response under several treatments including extreme temperature, long-term storage, and extreme pH or boiling [4] . MicroRNA-21 is one of the most frequent microRNA in human cells, which was investigated in various kind of cancer diseases [5] [6] [7] . Numerous studies have been focused on microRNA-21 overexpression in the case of cancer [8] . Consequently, micro-RNA-21 attracts much attention on the development of fast and simple methods for its determination.
Several methods have been generally applied for the quantification of microRNAs, such as northern blot [9] , real-time polymerase chain reaction [10] and microarrays [11] . Nevertheless, they present some disadvantages, including high cost, time-consuming, requirement of a qualified personnel and sophisticated instrumentation. In comparison, with the 1 3 mentioned methods, the electrochemical techniques for micro-RNA detection are simple, cheap, and sensitive. Furthermore, the time of response is short and minimal sample preparation is needed [12] .
A serious challenge is involved with microRNA detection in view of their small size and low amount [13] . It has been described that microRNA-21 concentration in patient serum, with gastric cancer was about 1.1 pM [6] . Additionally, the microRNA-21 concentration in patient-derived tissue samples for esophageal squamous-cell carcinoma was 0.1 pM [7] . For sensitive electrochemical detection of microRNAs, various amplification techniques have been employed, namely rolling circle amplification [14] , hybridization chain reaction [15] and catalytic hairpin assembly [16] . The mentioned amplification methods can considerably enhance the detection sensitivity, but suffer from some disadvantage because they are complicated, require expensive reagents and several steps of preparation [16] . Other approaches employed for the amplification of microRNA detection are centered on the use of nanomaterials [17, 18] , for the reason that they permit a simple and sensitive detection, offer a high surface area at the surface of electrode and allow a signal amplification [13, 19] . Various kinds of nanomaterials were used as a platform for the detection of microRNA including carbon black (CB) [20] and AuNPs [21] , which offers many advantages. AuNPs possess good conductivity, high biocompatibility and they can easily immobilize the thiolated bio-elements by the strong Au-S bond [22] . Furthermore, there are a large application of gold nanomaterial in different field [23] [24] [25] . In other hand, carbon black is amorphous nanomaterial, offers a high conductivity and has been considered recently as the most cost-effective modifier for improving the analytical performances of sensors [26] .
As a proof-of-concept, we report for the first time a CB/ AuNPs nanohybrid designed for an electrochemical sensitive detection of microRNA-21. The CB and AuNPs were selected owing to the above-mentioned advantages. Furthermore, they allow more capture probe immobilization at the electrode surface. Pencil graphite electrodes were modified with CB/AuNPs nanohybrid for single use measurement. The electrochemical measurement is based on the evaluation of the oxidation response of MB (methylene blue) labeled capture probe in the absence and in the presence of microRNA target. This response decreases after hybridization due to the change of the MB labeled capture probe orientation. The developed biosensor shows a good microRNA analysis in serum sample.
Experimental

Reagents
Chloroauric acid (HAuCl 4 ) and 3-mercaptopropionic acid were obtained from Sigma-Aldrich (Saint Louis, USA).
6-mercapto-1-hexanol (MCH) was obtained from SigmaAldrich (Steinheim, Germany). 2-mercaptoethanesulfonic acid and cysteamine were purchased from Sigma-Aldrich (Buchs, Switzerland), Sodium chloride (NaCl), and acetic acid were purchased from Solvachim (Casablanca, Morocco). Sulfuric Acid (H 2 SO 4 ), potassium nitrate (KNO 3 ) and Tris-Hydrochloride (Tris-HCl) and Magnesium chloride (MgCl 2 ) were obtained from Loba Chemie (Mumbai, India). Carbon black (CB) N220 (32 nm) of commercial grade was obtained from Cabot Corporation (Ravenna, Italy). Ethylenediaminetetraacetic (EDTA) was obtained from Acros Organics (Geel, Belgium). Dimethylformamide (DMF) was purchased from VMW International (Roquemaure, France). Methylene Blue (MB) was obtained from Breckland scientific supplies (Norfolk, United Kingdom).
The lyophilized oligonucleotides were bought from the Eurofins Genomics (The Ulis, France). The employed sequences are mentioned in Table 1 .
The oligonucleotides stock solutions (Probe capture: 978.74 µg/mL; Target: 700.4 µg/mL; Non-complementary sequence microRNA-125a: 754.99 µg/mL; Three base mismatch: 695.7 µg/mL) were prepared with ultrapure water and stored at − 20 °C until use. The buffer solutions used were as follows: 10 mM Tris-HCl (pH: 7.4) containing 0.1 M NaCl and 1 mM EDTA was used for the immobilization of the capture probe. 10 mM Tris-HCl (pH: 7.4), containing 1 M of NaCl was used as hybridization buffer. The washing buffer used after each biosensor modification step was 20 mM Tris-HCl, including 0.1 M NaCl and 5 mM MgCl 2 (pH: 7.4). Measurement buffer was 20 mM Tris-HCl (pH 7.4).
Apparatus
The electrochemical measurements were realized using PalmSens, connected with a laptop and controlled with PSTrace 4.6 software. OriginPro8 and GraphPad Prism5 were used as software for data analysis. Three electrodes were used, Ag/AgCl as a reference electrode, stainless steel bar as an auxiliary electrode and Bic pencil (size: 0.5) was employed as the holder for the graphite mines (Faber-Castell 
Procedure of Biosensor Fabrication for microRNA-21 Detection
The PGEs were pre-treated in acetate buffer solution (20 mM, pH 4.8) including 20 mM NaCl at + 1.4 V for 1 min, as previously reported [20] . Pretreated electrodes were incubated in 1 mg/mL CB dispersion for 1 h and kept drying for 20 min to obtain PGEs/CB, the CB dispersion was prepared by sonication of 10 mg of CB in 10 mL of DMF for 1 h. Then, AuNPs were electrochemically deposited on PGEs/CB surface from aqueous solution containing 2 mM of HAuCl 4 and 0.1 M of KNO 3 using CV between + 0.9 and − 0.3 V at scan rate of 50 mV s −1 , as described in [21] , in order to obtain PGE/CB/AuNPs. Thereafter a conditioning of the PGEs/CB/AuNPs by CV between + 0.2 and + 1.6 V in a 0.5 M H 2 SO 4 solution was realized until a stable voltammogram was obtained, and then the electrodes were washed with ultra-pure water. The immobilization of the capture probe at the surface of PGEs/CB/AuNPs were then realized. For that, PGEs/CB/AuNPs were immersed in 100 μL of 0.3 µM capture probe solution for overnight at 4 °C, these electrodes named as PGEs/CB/AuNPs/P, were washed with washing buffer. The prepared PGEs/CB/AuNPs/P were incubated in 100 µL of 1 mM of MCH (prepared in 1 M NaCl and 10 mM potassium phosphate buffer, pH 7.0) for 2 h at 4 °C, to get well-aligned capture probe and to eliminate nonspecific binding. These electrodes named as PGEs/CB/ AuNPs/P/MCH were washed again with washing buffer. The PGEs/CB/AuNPs/P/MCH were dipped in 100 µL of different concentration of microRNA-21 target solutions (from 2.9 fM to 0.7 μM) for 30 min at room temperature. These electrodes named as PGEs/CB/AuNPs/P/MCH/T.
Electrochemical methods
Differential pulse voltammetry (DPV), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were the electrochemical methods involved in this work. DPV was performed by applying a sweep potential from − 0. 
Results and Discussions
The fundamentals of the developed method are presented in Fig. 1 . In brief, it involves a DNA probe capture labeled with MB and target microRNA hybridization assay using disposable PGE/CB/AuNPs. In a first step, a thiolated capture probe, was self-assembled onto PGE/CB/AuNPs. Thereafter, MCH was employed to avoid nonspecific adsorption. After hybridization step, we obtained microRNA-21 biosensor. The oxidation response of MB present in capture probe was measured in the absence and presence of microRNA-21 using a DPV.
Electrochemical Characterization of the Developed Electrochemical Biosensor
Cyclic Voltammetry and Electrochemical Impedance Spectroscopy Measurements
CV and EIS were accomplished in 5 mM [Fe (CN) 6 ] 3−/4− including 0.1 M of KCl for the electrochemical characterization of each electrode involved in the developing biosensor for microRNA-21 detection. In CV results, the obtained cyclic voltamograms are presented in Fig. 2a , b. Figure 2a shows a bare PGE (curve a′), which exhibits a couple of redox peaks. After modification of PGE with CB (curve b′), AuNPs (curve c′) and CB/AuNPs nanohybrid modified PGE (curve d′), an increase in current response was observed by 30, 33 and 50%, respectively, compared with the current response of bare PGE. The highest increase in current response was obtained using PGE/CB/AuNPs, thanks to their excellent electrocatalytic activity, the large specific surface area and the high synergistic activity effect of CB and AuNPs. Therefore, the employment of CB/AuNPs nanohybrid as a platform of microRNA-21 biosensor could increase the specific surface for assembling more thiolated capture probe in gold surface. The I ox (oxidation current) and I red (reduction current) values obtained with PGE/CB/ AuNPs were + 262 and − 254 μA, respectively. As shown in the Fig. 2b after immobilization of thiolated capture probes at PGE/CB/AuNPs by Au-S bond [22] (curve e'), a decrease of current responses corresponding to I ox = + 244 µA and I red = − 222 µA were observed. This decrease could be attributed to the negatively charged orthophosphate backbone of the capture probe that produces an electrostatic repulsive force to the negatively charged [Fe (CN)6] 3−/4− . This also a proof of the immobilization of thiolated capture probe at PGE/CB/AuNPs. The current response, decreases obviously after reacting of PGE/CB/AuNPs with non-conductive MCH (curve f′), which was attributed to the MCH that could block the electron transfer. After hybridization (curve g′), additional decreasing of the current response was observed. This response decrease is caused by the electrostatic repulsive-force between the phosphate skeleton of duplex capture probe DNA-RNA structure and the redox couple of [Fe(CN)6] 3−/4− . The EIS is based on the change of the Nyquist plot semicircle diameter varied upon the assembly and binding processes after each electrode modification. From the EIS results (Fig. 2c, d ), a small diameter of the semicircle was observed after modification of PGE with CB and AuNPs (curve d′) compared to bare PGE (curve a′), because of the high conductivity of CB and AuNPs. Furthermore, the diameter of a Nyquist plot semicircle increased after immobilization of capture probe (curve g′), due to hindering electron transfer. When MCH (curve f′) was added into the electrode, the diameter of a Nyquist plot semicircle value obviously increases. After hybridization step with micro-RNA-21 (curve g′), the diameter of a Nyquist plot semicircle further increases, on the account of negative charges from the capture probe and the microRNA-21, which repulsed the negatively charged [Fe(CN) 6 ] 3−/4− and hindered the electron transfer.
The charge transfer resistance (R ct ) values corresponding to the diameter of a Nyquist plot semicircle obtained at different steps of biosensor construction are summarized in Table 2 . From this characterization experiments, it appears clearly that the results obtained using CV were in agreement with the EIS measurements. Both characterization results CV and EIS suggested the successful construction of the biosensor.
Differential Pulse Voltammetry Measurements
DPV was used for electrode characterization after probe immobilization and microRNA-21 hybridization step. Therefore, the oxidation response of MB was measured before and after hybridization. Consequently, the change of MB oxidation response after hybridization shows the achievement of micro-RNA-21 hybridization. Figure 3 shows a typical DPV of PGE/ CB/AuNPs/P/MCH before (curve a) and after hybridization with 29 nM (curve b) of microRNA-21 concentration. After hybridization the response of the current decreased by 63%. Hybridization between the capture probe and microRNA-21 target leads to the change of capture probe labeled MB orientation. This change of orientation may make the MB more difficult to be electro-oxidized [27] , consequently a decrease on the MB oxidation response. The DPV results, confirm the effective construction of the biosensor. 
Optimization of the Electroanalytical Procedure for microRNA-21 Detection
The Effect of the Concentration and Scan Number on Electrodeposition of HAuCl 4
The AuNPs have been chosen in this work to for the modification of PGE/CB to obtain a large gold surface for the immobilization of thiolated capture probe. The effect of HAuCl 4 concentrations on the electron transfer capacity has been studied at PGEs/CB using CV of 5 mM [Fe(CN) 6 ] 3−/4− solution containing 0.1 M of KCl. Different HAuCl 4 concentrations (0, 0.1, 1, 2, 3, 4 mM) were tested. Figure S1a shows that the highest oxidation current (I ox ) was obtained with PGE/CB/AuNPs obtained using 2 mM of HAuCl 4 (246 µA) in comparison with PGE/ CB (180 µA). The increase of the I ox is attributed to the high conductivity of CB/AuNPs nanohybrid due to the acceleration of electron transfer. Furthermore, this current enhancement is related to the increase of the effective surface area that allow to assemble more capture probe. In this study, 2 mM was selected as the optimum concentration of HAuCl 4 for further experiments.
After that, the effect of scan number of AuNPs electrodeposition in the presence of 2 mM of HAuCl 4 was investigated using cyclic voltammetry of 5 mM [Fe (CN) 6 ] 3−/4− solution containing 0.1 M of KCl on the electron transfer (Fig. S1b) . Various scan numbers of AuNPs deposition were tested (2-14 scans). The highest I ox value was obtained with six scans measured as 246 µA. In this work, six scans were chosen as an optimal scan number for next experiments (Fig. 4). 
Comparison Study Between CB, AuNPs and CB/ AuNPs Nanohybrid Platforms Toward Methylene Blue Oxidation
The preliminary experiments have been accomplished using the electrochemical oxidation of 6 µM MB in solution by DPV. The results of unmodified PGE, modified PGE with CB, modified PGE with AuNPs and modified PGE with CB/ AuNPs nanohybrid are presented in Fig. 5 . The MB oxidation response was increased about 3, 4 and 5 times using PGE/CB, PGE/AuNPs, and PGE/CB/AuNPs respectively, in comparison with the response of unmodified PGE. The highest MB oxidation response was obtained using PGE/CB/ AuNPs, owing to an increase of the specific surface area of the electrode after modification and the synergistic activity of AuNPs and CB for MB determination. From this result, we conclude that the presence of CB/AuNPs nanohybrid as a platform of biosensor increases the electrochemical response of MB.
Optimization of the microRNA-21 Detection
The microRNA-21 detection is performed using the thiol terminated capture probe immobilized on PGE/CB/AuNPs. Capture probe concentration (Fig. 5a ) and hybridization time effect (Fig. 5b) were investigated using CV of 5 mM [Fe(CN) 6 ] 3−/4− in 0.1 M of KCl, to obtain the best condition to have a full coverage of the PGE/CB/AuNPs surface with capture probe. To study the effect of probe capture concentration, the PGEs/CB/AuNPs were incubated overnight at 4 °C in 100 µL with different capture probe concentrations ranging from 0.1 to 1.1 µM, then after the PGEs/CB/AuNPs/P, were dipped in 100 µL of MCH for 2 h at 4 °C. After that, the hybridization was achieved in the presence of 1.4 µM microRNA-21 target. The I ox of different electrodes were measured before and after hybridization. A significant decrease in I ox (204 µA) using 0.3 µM of capture probe was observed after hybridization, compared to 230 µA obtained with PGE/CB/AuNPs/P/MCH before hybridization step. The observed decrease in the current response could be attributed to the presence of duplex capture probe DNA-RNA structure, which causes a decrease in repulsive interaction between [Fe (CN) 6 ] 3−/4− and the surface of the electrode. From CV results, 0.3 µM was used as the optimal capture probe concentration.
In order to investigate the effect of hybridization time, the PGE/CB/AuNPs/P/MCH were incubated in 100 µL of 1.4 µM microRNA-21 target for different time from 15 to 60 min to achieve the hybridization. A significant decrease of I ox (204 µA) was obtained after 30 min, compared to 230 µA obtained with PGE/CB/AuNPs/P/MCH before hybridization. From CV results, 30 min were selected as an optimal time of hybridization. Co-adsorbate are necessary to achieve proper function of PGE/CB/AuNPs/P. Their absence could significantly degrade the reproducibility of the biosensor, leading to an extremely variable biosensor, caused by poor organization of the capture probe on the electrode surface [21] . To evaluate the performance of the developed biosensor against coadsorbate, different thiolated co-adsorbents were tested, such as 6-Mercapto-1-hexanol (MCH), 3-Mercaptopropionic acid (MPP), cysteamine (CYS) and 2-Mercaptoethanesulfonic acid (MES).
PGEs/CB/AuNPs/P were incubated with the mentioned co-adsorbate for 2 h at 4 °C, thereafter the electrodes were immersed in 100 µL of 0.7 µM of microRNA target. Figure 5c shows the current of MB oxidation response obtained before and after hybridization using a DPV. A decrease in MB oxidation response by 69, 18, 11 and 2% was observed after hybridization using MCH, CYS, MES and MPP, respectively. This decrease can be due to the length of the co-adsorbent. The significant response related to the decreasing in oxidation signal was observed using the longer thiolated MCH co-adsorbent. Additionally, using a shorter thiolated MPP, MES and CYS co-adsorbents, a very low response related to the decreasing of the current was observed. This decreasing can be attributed to the fact that, the capture probe is flexible enough to transfer electrons to the electrode whether or not it is hybridized. However, it has been shown that short thiols co-adsorbent have defective monolayers, allowing electrochemistry to be performed directly on the surface of the electrode. Indeed, as a consequence an electron transfer in the case of the hybrid probe and also non-hybrid probe [28] . From this result, MCH was selected as the appropriate co-adsorbate.
Analytical Performance of the Biosensor Towards microRNA-21 Detection
Since the experimental conditions were optimized, the present biosensor can be used to detect microRNA-21 at different concentrations. The calibration curve (Fig. 6 ) was plotted in function of ΔI value (change of current response of MB oxidation before and after hybridization) versus the logarithm of microRNA-21 concentration to get a good linear fitting. Indeed, the direct relation between ΔI value and concentration is not linear within the whole range studied 2.9 fM to 0.7 µM.
DPV revealed the variations of the electrochemical oxidation of MB. Increasing of ΔI is proportional to decreasing current of MB oxidation response after hybridization. Noting that, the MB response decreases in function of increasing concentration of the target microRNA-21. The linear range was from 2.9 fM to 0.7 µM following the equation ΔI (µA) = 0.07 Log [microRNA-21] (mol.L −1 ) + 1.21 with a correlation coefficient of 0.998, and the limit of detection (LOD) (corresponding to 3 times the standard deviation of the blank) was 1 fM.
The developed biosensor in this work investigate the oxidation of MB used as the chemical labeled of the probe capture. Table 3 showed a comparison of our work with previously reported chemical labeled probe methods. Indeed, our biosensor had a low limit of detection, wide linear range with a simple nanohybrid platform used for improving MB response. Nothing that the high sensitivity of the developed biosensor is mostly attributed to the synergistic effect of CB/AuNPs nanohybrid. Furthermore, the proposed method requires only one-step of the sequence probe hybridization compared to complicated method, which uses several probes hybridization steps. In this method, star trigon structure and endonuclease for MB labeled probe capture oxidation were used as amplification system for microRNA detection [29] . Moreover, compared with another method based also on MB oxidation, using other nanomaterial as a platform of biosensor, the proposed method shows good sensitivity [30] . Furthermore, it is also simple and sensitive compared with others method based on the oxidation of ferrocene as labeled capture probe for microRNA detection [31, 32] .
Selectivity, Reproducibility and Stability Analysis of microRNA-21 Biosensor
The selectivity study of the developed biosensor was performed in the occurrence of complementary sequence (microRNA-21) (a), three-base mismatch sequence (b) and non-complementary sequence (microRNA-125a) (c). Figure 7a presents the change of the current (ΔI) between capture probe response and the obtained response after hybridization using different tested sequences. The developed biosensor reproducibility was studied using two concentrations of microRNA-21 using three parallel PGE/CB/AuNP modified with 0.3 μM of probe and MCH. At a small concentration of microRNA-21 (29 nM) the relative standard deviation (RSD) (n = 3) was equal to 3% and at high concentration (0.7 µM) the RSD was equal to 13%, showing that the biosensors has a satisfactory reproducibility for microRNA-21 detection.
The long-term storage stability of the proposed biosensor was tested by storing of PGE/CB/AuNP/P/MCH at 4 °C during a period of 5 weeks (Fig. 7b) . The concentration of probe DNA was equal to 0.3 µM. Figure 7b shows the percentage of response corresponding to the calculated ΔI before and after hybridization with 1 pM of microRNA-21 biosensors response, according to the time with a variation of response average of 97 ± 20%. For each response the measurement was repeated 3 times (error bare is presented in the figure) . The results show that the biosensor response decreased slightly with time and it retained 93% of its initial one after 5 weeks, indicating the good stability of the developed biosensor for microRNA-21 detection.
In the present work the use of PGE as commercially available, disposable. Furthermore, PGE allows to prepare simultaneously several methylene blue labeled capture probes modified electrodes within a reasonable time. These capture probes electrodes are ready to use for the next experiments, exhibiting a long lifetime (more than 5 weeks). Thus, there is no need of additional treatment for the regeneration by de-hybridization step, which requires the use of high temperature for biosensor regeneration.
Analysis of microRNA-21 in Serum Sample
The analysis of microRNA-21 was performed in diluted serum (50 times) without and with the addition of 1 pM and 29 nM of microRNA-21. Figure 2S showed the histograms of average of current response corresponding to MB oxidation obtained with (a) 0, (b) 1 pM, (c) 29 nM of microRNA-21 spiked serum. The experiment results showed that they are a decreasing of PGE/CB/AuNP/P labeled MB current response after fortification of serum with 1 pM and 29 nM of microRNA-21 indicate that the hybridization was achieved. The calculated recovery was respectively equal to 98% and 81%, suggesting that the biosensor possessed an acceptable detection performance in serum.
Conclusions
As a proof-of-concept, we developed an electrochemical biosensor for microRNA-21 detection based on CB/AuNPs nanohybrid as a novel sensing platform. This strategy has some excellent features. First, the large effective surface area of CB/AuNPs allow loading a large amounts of capture probe. Second, the synergistic activity of AuNPs and CB improve the electrochemical response of MB labeled capture probe (complementary sequence of microRNA-21). Furthermore, the developed biosensor showed an excellent analytical performance in terms of selectivity, reproducibility, stability and sensitivity permitting to achieve a low detection limit (1 fM). Thus, this biosensor exhibits a promising potential for detection of microRNA in clinical applications.
